Neuroligin-4 (Nlgn4) is a cell adhesion protein that regulates synapse organization and function. Mutations in human NLGN4 are among the causes of autism spectrum disorders. In mouse, Nlgn4 knockout (KO) perturbs GABAergic synaptic transmission and oscillatory activity in hippocampus, and causes social interaction deficits. The complex profile of cellular and circuit changes that are caused by Nlgn4-KO is still only partly understood. Using Nlgn4-KO mice, we found that Nlgn4-KO increases the power in the alpha frequency band of spontaneous network activity in the barrel cortex under urethane anesthesia in vivo. Nlgn4-KO did not affect single-whisker-induced local field potentials, but suppressed the late evoked multiunit activity in vivo. Although Nlgn4-KO did not affect evoked EPSCs in layer 4 (L4) spiny stellate cells in acute thalamocortical slices elicited by electrical stimulation of thalamocortical inputs, it caused a lower frequency of both miniature (m) IPSCs and mEPSCs, and a decrease in the number of readily releasable vesicles at GABAergic and glutamatergic connections, weakening both excitatory and inhibitory transmission. However, Nlgn4 deficit strongly suppresses glutamatergic activity, shifting the excitation-inhibition balance to inhibition. We conclude that Nlgn4-KO does not influence the incoming whisker-mediated sensory information to the barrel cortex, but modifies intracortical information processing.
Introduction
Neuroligin-4 (Nlgn4) is a member of the neuroligin family of postsynaptic adhesion proteins (Bolliger et al. 2001; Jamain et al. 2003 Jamain et al. , 2008 , which are expressed throughout the central nervous system (CNS) and play an important role in synaptic organization and function (Varoqueaux et al. 2006; Sudhof 2008) . Human loss-of-function mutations of Neroligin-4X are among the most frequent monogenic causes of autism spectrum disorders (ASD) (Jamain et al. 2003; Laumonnier et al. 2004; Bemben et al. 2015) . Genetic knockout (KO) of Nlgn4, a homologue of human Nlgn4X, in mice results in autism-like behavioral changes, including reduced social interaction and stereotypies, indicating Nlgn4-KO as a valid model of ASD (El-Kordi et al. 2013; Ju et al. 2014) .
Four neuroligin isoforms are expressed at specific subpopulations of synapses. Neuroligin-1 is localized at glutamatergic synapses (Song et al. 1999 ), Neuroligin-2 at GABAergic synapses (Varoqueaux et al. 2004) , and Neuroligin-3 at both excitatory and inhibitory synapses (Budreck and Scheiffele 2007) .
The question whether Nlgn4 is localized in a specific subpopulation of synapses remains partly unresolved. In the retina, spinal cord, brainstem, thalamus, and globus pallidus, Nlgn4 is predominantly present at inhibitory synapses. In retina Nlgn4 is involved in the postsynaptic clustering of glycine receptors, consequently glycinergic transmission is weakened in the Nlgn4-KO retina (Hoon et al. 2011) . Currently available antibodies demonstrated a weak staining in cerebral cortex, hippocampus and most other forebrain areas, but all antibodies failed to detect a large proportion of the forebrain Nlgn4 pool. However, loss of Nlgn4 causes hippocampal deficits at GABAergic synapses, suggesting a prominent function in maturation of inhibition (Hammer et al. 2015) .
Further, genetic ablation of Nlgn4 has been reported to attenuate both glutamatergic and GABAergic synaptic transmission in L2/3 of mouse primary somatosensory (S1) cortex (Delattre et al. 2013) , indicating that Nlgn4 may contribute to information processing and function in the somatosensory barrel field (S1BF). However, the mechanisms underlying the observed weakening of synaptic transmission have remained elusive and the question as to whether Ngln4-KO affects neuronal activity in vivo has not yet been addressed. The present study aimed to investigate effects of genetic deletion of Nlgn4 on neuronal activity in the barrel cortex in vivo and at the cellular level in vitro.
We report that in the barrel cortex in vivo Nlgn4 loss leads to a potentiation of spontaneous neuronal activity in the alpha frequency band, but does not affect sensory-evoked responses following single-whisker stimulation. In vitro experiments in acute thalamocortical brain slices revealed that Nlgn4-KO weakens, mostly presynaptically, both GABAergic and glutamatergic synapses, shifting, at the same time, the excitatory/ inhibitory balance to inhibition. Further analyses of evoked multiunit activity (MUA) and current source density (CSD) analyses revealed a decrease in late evoked activity in Nlgn4-KO animals. Thus, Nlgn4 plays an essential role in intracortical information processing.
Materials and Methods
Nlgn4 knockout mice (Jamain et al. 2008 ) and wild type (WT) littermates were used on postnatal day (P) 15-30 or P30-60. All experiments were conducted in accordance with EU directive 86/609/EEC and were approved by the local ethical committee (Landesuntersuchungsanstalt RLP, Koblenz, Germany). All efforts were made to minimize the number of animals used and their suffering.
Immunohistochemistry, Image Capture, and Analysis
Immunohistochemistry was carried out on 8-12 weeks old WT and Nlgn4-KO mice. Animals were deeply anesthetized with isoflurane (DeltaSelect) and then rapidly decapitated. The whole brain was removed carefully from the skull. Brains were then quickly frozen in a −35°C isopentane bath (Carl-Roth). The brain was subsequently mounted on a specimen holder and embedded in Tissue-Tek using a cryostat (Leica), and coronal brains sections (16 μm) were cut. The sections were directly mounted on glass slides and dried for 30 min at room temperature. Slides were submerged in a −20°C methanol bath for 5 min for the fixation (Gasser et al. 2006) .
Following fixation and subsequent washing steps 3 × 5 min with PBS, the sections were blocked with 3% goat serum and 0.2% Triton X-100 (Roche Applied Science) for 1 h at room temperature. This blocking solution was also used as vehicle for the primary and secondary antibody incubations. The following dilutions were used for the primary antibodies (Gephyrin 1/ 1000 3b11 Mouse Synaptic System, GABA A R-γ2 subunit 1/3000 Guinea Pig kindly provided by Dr J.-M. Fritschy and PSD95 1/ 3000 K28/43 Mouse Neuromab) and for the secondary antibodies (Mouse, Guinea Pig Alexa Fluor 488 nm or 555 nm 1/1200 Molecular Probes). Incubation of the primary antibodies was carried out at 4°C overnight, followed by incubation with secondary antibodies for 2 h at room temperature, with 3 × 5 min washes using PBS between every step. Lastly, sections were mounted using a water based mounting medium (Polysciences Inc.).
Single-plane confocal images were recorded using TCS-SP5 inverted confocal microscope (Leica Microsystems) and taken with a ×63 objective (NA 1.4). A digital zoom factor of 8 was used for the high magnification images that were necessary for the perisomatic synaptic quantification.
For quantification experiment, images were processed using Image J (Gasser et al. 2006) . Each image was first thresholded to generate a binary image, in which individual synapses were represented by single particles. The same threshold was applied to all images and genotypes within the same brain region. The binarized images were then subjected to the Watershed Segmentation algorithm to automatically separate overlapping particles. Finally, the command "Analyze Particles" was used to count the number of particles per image that were considered to be synapses. The perisomatic area was determined by selecting the cell surface then enlarging the selection with a predetermined value to include the perisomatic area and then finally excluding the nucleus.
Voltage-Sensitive Dye Imaging
Voltage-sensitive dye imaging (VSDI) was performed as described previously (Yang et al. 2013) . VSD RH1691 (Optical Imaging, Rehovot, Israel) was dissolved at 1 mg/mL in a Ringer's solution containing (in mM): 135 NaCl, 5.4 KCl, one MgCl 2 , 1.8 CaCl 2 and 5 HEPES (pH was set to 7.2 with NaOH). A 3 × 3 mm 2 area of craniotomy (1-4 mm posterior to bregma and 1-4 mm from the midline) was performed over the barrel cortex. The dura matter was removed. The VSD was applied to the surface of the barrel cortex and allowed to diffuse into the cortex for 1 h. Subsequently, unbound dye was carefully washed-out with the Ringer's solution. The cortex was covered with a 1.5% low-melting agarose and a glass cover slip was placed on top to stabilize the tissue. A 25 mm focal length lens was used for the recording (Navitar video lens, Stemmer Imaging, Puchheim, Germany). A red LED was used for excitation (MRLED 625 nm, Thorlabs GmbH, Dachau, Germany), and MiCam Ultima L high-speed camera was used to record fluorescence signals (Scimedia, Costa Mesa, CA, USA). RH1691 was excited at 630 nm. The excitation and emission light was separated using a 650-nm dichroic mirror. Emitted light was filtered using a 660 nm long-pass filter. All measurements were performed using 100 × 100 pixels resolution. Acquisition rate was 500 Hz. Duration of acquisition was set to 2 s. Fluorescence signals were expressed as relative changes from pre-stimulus levels (ΔF/F 0 ).
Surgical Preparation, In Vivo Electrophysiological Recordings and Analysis
Extracellular recordings were performed in the barrel cortex of P30-60 Nlgn4-KO and WT mice in vivo. Under initial intraperitoneal urethane anesthesia (1.6-2 g/kg, Sigma-Aldrich), the head of the mouse was fixed and the bone, but not the dura mater, above the barrel cortex was carefully removed. Animals were kept at a constant temperature of 37°C by placing them on a heating blanket. During recordings, additional urethane (10-20% of the initial dose) was given when the mice showed any sign of distress. A 2 × 2 mm 2 area of craniotomy (1-3 mm posterior to bregma and 2-4 mm from the midline) was performed over the left barrel cortex. For this set of experiments the dura was kept intact. After craniotomy single whisker stimulation and VSDI were applied to functionally identify the cortical representation of the stimulated whisker, the barrelrelated column (Fig. 1A ). An 8-shank 128-channel electrode (200 μm horizontal shank distance and 75 μm vertical interelectrode distance, 1-2 MΩ, NeuroNexus Technologies, Ann Arbor, MI) was labeled with DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl indocarbocyanine, Molecular Probes, Eugene, OR, USA) and then inserted perpendicularly into the barrel cortex according to the VSDI-identified barrel positions (Fig. 1B) to record local field potentials (LFPs) and MUA. After histological identification of the barrels with cytochrome oxidase staining and evoked CSD pattern identification of cortical layers, we chose the channel with the maximal amplitude of evoked LFP in L4 as standard channel to compare the difference of single whisker-evoked responses between WT and Nlgn4-KO mice (Fig. 1C,D) . Evoked CSD elicited by single-whisker stimulation was calculated from the averaged LFPs (50 or 100 trials). First, the uppermost and lowermost channels were duplicated in each shank. Then, the second derivative was computed as follows: 
Neuroligin-4 Modulates
where ϕ ( ) r is the LFP at depth r, and h is the vertical interelectrode distance (75 μm). Finally, pseudocolor image plots were generated by linear interpolation along the depth axis (Fig. 1C,D) .
Data were analyzed offline using MATLAB software version 7.7 (MathWorks). In each experiment 30 min of continuous recording of spontaneous LFPs was used for further analysis applying the fast Fourier transform (FFT). Firstly, the 30 min LFP recording was separated into 360 segments, that is, each segment consisted of a 5 s LFP recording. Next, each 5 s raw LFP data were band-pass filtered 0.1-499 Hz and FFT analysis was applied (the frequency resolution was 0.2 Hz). Finally, mean FFT was calculated by averaging the FFT spectra in all 360 segments. MUA was detected in 800-5000 Hz filtered LFP signals by applying a threshold at 7.5 times the baseline standard deviation (SD).
Histology
At the end of each experiment, animals were deeply anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (8 mg/kg) mixture, perfused with 0.1 M sodium phosphate buffer (PB), brains were carefully removed and fixed with 4% paraformaldehyde for 24 h. Subsequently the cortex was washed in phosphate buffer (PB) and incubated in 30% sucrose overnight. After washing with PB, the barrel cortex was tangentially sectioned in 200 μm slices, rinsed in PB, then incubated for 2-7 h at 39°C in a solution of 0.6 mg cytochrome C, 0.5 mg DAB, and 44 mg saccharose per mL, with 0.3% catalase (Sigma, Deissenhofen, Germany). Finally, the stainings were intensified with 0.5% copper(II)sulfate (Sigma) for 2-3 min, dried and coverslipped.
Detection and Phase Analysis of Spindle Oscillations
Spindle oscillations were detected based on the following procedures modified from (Andrillon et al. 2011) . Briefly, raw LFP signals were band pass filtered (8-13 Hz) using a third order Butterworth filter. The instantaneous amplitudes and phases were computed via the Hilbert transformation. In order to reduce the influence of variability of mean and SD values from different recordings, we pooled the data from all recordings in 11 barrelrelated columns in 5 Nlgn4-KO mice and 7 columns in 4 WT mice. In each experiment we recorded spontaneous activity for 30 min. After Hilbert transformation, a detection threshold was set as mean value of recordings ± 3SD. The peaks of Hilbert transformed signals exceeding this threshold were considered to be potential spindle oscillations. A start/end threshold was set at mean ± 1SD and the duration of each spindle oscillation was determined by measuring the difference between onset and end of the signal (see Supplementary Fig. S1A ).
Phases of spindle oscillations were computed as described elsewhere (Tsintsadze et al. 2015) . First, LFP signals were band pass filtered at 8-13 Hz. Second, local phases were computed using Hilbert transformation of the band pass filtered LFP signals. Subsequently, each MUA event was assigned to the corresponding phase (see Supplementary Fig. S1B ). The MUA-phase circular plots were made using CircStat toolbox (Berens 2009 ). Phase modulation of MUA by alpha-spindle oscillations was analysed using Rayleigh circular statistics. Watson-Williams multisample test was applied.
Single Whisker Stimulation
A single whisker was stimulated approximately 1 mm from the snout using a miniature solenoid actuator modified from (Krupa et al. 2001 ) that generated a 16 ms long deflection in the rostral-to-caudal direction (about 1 mm in amplitude). Pairedpulse stimuli were applied at 100, 250, and 500 ms interstimulus intervals (ISIs). At least 20 trials were performed at each ISI. The interval between trials was 10 s.
Spike Sorting
Spike detection and sorting was performed from the LFPs recorded from channels located in a principal barrel column from L2-4 similar as described previously (Reyes-Puerta, . Continuously recorded data were high-pass filtered (0.8-5 kHz). Nonoverlapping groups of 3-4 adjacent channels were selected and defined as "virtual tetrodes". Spike detection was performed in each recorded group of channels independently using amplitude thresholding (7.5SD). The detected spikes contained the sampled amplitude values from all channels in the group in the time range from −0.5 to +0.5 ms relative to the waveform negative peak. These spike waveforms were used to calculate feature vectors (negative peak amplitude and 2 first principal components derived from the waveforms). The (n × 3)-dimensional vectors (where n represents the number of channels within a group) were sorted using KlustaKwik software (Harris et al. 2000; Hazan et al. 2006) . After automatic unit clustering, the units were manually inspected and isolated using custom-made Matlab code.
Several criteria were used to ensure the isolation quality of the sorted units. First, the coefficient of variation (CV) of the spontaneous firing rate computed over the whole recording period using 100 s bins had to be <1.5. Second, the "isolation distance" had to be <10 (Schmitzer-Torbert et al. 2005) . Third, <1% of the spikes should occur within 1 ms of each other. For each isolated unit, all spikes were aligned by their troughs and averaged.
Cells were subsequently classified as putative inhibitory interneurons (INH) or putative excitatory neurons (EXC) using mean spike waveform duration defining the latter as trough-topeak latency as previously reported (see Supplementary  Fig. S1C and Bartho et al. 2004; Mitchell et al. 2007 ).
Slice Preparation
Nlgn4 knockout and WT P15-30 mice were deeply anesthetized with isoflurane. After decapitation, the brains were quickly removed and immersed in ice-cold artificial cerebrospinal fluid (ACSF, composition see below). Coronal slices (400 μm thickness) were cut on a vibratome (Campden Instruments Ltd., UK or HR2, Sigmann Elektronik, Hüffenhardt, Germany). For recordings of evoked excitatory postsynaptic currents (eEPSCs) thalamocortical paracoronal slices (400 μm) were prepared at an angle of 55°relative to the middle on a ramp at an angle of 13°as described before (Agmon and Connors 1991; Schubert et al. 2003; Staiger et al. 2004 ). Slices were stored in an incubation chamber filled with oxygenated ACSF at room temperature before they were transferred to the recording chamber.
Data Acquisition and Analysis
Whole-cell patch-clamp recordings were performed at about 31°C in a submerged-type recording chamber attached to the fixed stage of a microscope (BX51 WI, Olympus or Axioscope FS, Zeiss). Spiny stellate cells were identified by their location, morphological appearance by infrared differential interference contrast image and spike firing properties. Biocytin (0.5%, Sigma, Deisenhofen, Germany) was added in the patch pipette solution for later morphological cell reconstruction (see Supplementary Fig. S2 ). Patch-pipettes (3-5 MΩ) were pulled from borosilicate glass capillaries (Science Products, Hofheim, Germany) on a vertical puller (PP-830, Narishige). GABAergic and glutamatergic postsynaptic currents were recorded using either KCl-or K-gluconate-based pipette solution, respectively. The solutions contained (in mM) 130 KCl or K-gluconate, 1 CaCl 2 , 2 MgCl 2 , 10 EGTA, 10 HEPES, 2 Na 2 -ATP, 0.5 Na-GTP (pH adjusted to 7.4 with KOH and osmolarity was set to 306 mOsm with sucrose). Signals were low-pass filtered at 3 kHz, recorded with a discontinuous voltage-clamp/current-clamp amplifier (SEC05L, NPI, Tamm, Germany), and stored using an ITC-1600 AD/DA board (HEKA). Data were recorded and then analyzed offline using TIDA 5.24 software (HEKA Elektronik, Lambrecht, Germany). Miniature postsynaptic currents (mPSCs) were processed using PeakCount V3.2 software (C. Henneberger, Institute of Neurophysiology, Charité, Berlin). The program applies a derivative threshold detection of individual mPSC. Each automatically detected event was visually inspected. Rise times (10-90%) and decay time constants (a single exponential fit) of individual mEPSCs or mIPSCs were calculated.
Electrical Stimulation
To prevent activation of voltage-gated sodium channels N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium bromide (QX-314, 2 mM) was added to the intracellular solution. An isolated stimulation unit (A365, WPI) was used to generate rectangular electrical pulses. Pulse duration was set to 200 μs.
Evoked inhibitory postsynaptic currents (eIPSCs) were elicited by focal electrical stimulation through a glass pipette filled with ACSF (about 4 MΩ) and recorded in the presence of the NMDA receptor blocker APV (40 μM), the AMPA receptor blocker CNQX (10 μM), and the GABA B -receptor blocker CGP55845 (1 μM). The stimulation pipette was positioned in the vicinity of the recorded cell (~100 μm) within L4 of the barrel cortex. Pulse intensity was adjusted to evoke a stable response with the maximal amplitude +20% of intensity (supramaximal stimulation). Typical pulse intensity was between 50 and 100 μA. Paired-pulse stimulation was performed at ISIs of 50, 100, and 200 ms. Pairs of pulses were applied at 0.1 Hz. Pairedpulse ratio (PPR) was calculated as the ratio of the averaged amplitude of the second response to the mean amplitude of the first one.
Evoked excitatory PSCs (eEPSC) were elicited at a frequency of 0.1 Hz using a bipolar tungsten electrode placed in the ventral posteromedial nucleus (VPM) of the thalamus as described (Unichenko et al. 2016) . Pulse intensity was adjusted to activate a unitary synaptic input (minimal stimulation). Stimulation was accepted as minimal if eEPSCs occurred at a short and constant latency (<3.5 ms), demonstrated paired-pulse depression and showed no decrease in latency of the second eEPSC induced 50 ms after the first (Beierlein et al. 2003) . Typical pulse intensity was between 10 and 30 μA.
Readily Releasable Pool Estimation
Estimation of readily releasable pool of GABAergic and glutamatergic synapses was performed by focal application of ACSF supplemented with 500 mM sucrose (hyperosmotic solution) via a glass pipette (1 μm tip diameter) placed at about 20 μm distance from the soma of L4 spiny stellate neuron (Rosenmund and Stevens 1996) . Duration of application was set to 2.5-4 s. A LHDA0533115H pressure application system (Lee, Westbrook, CT, USA) was used. The amount of released vesicles was estimated as the total charge transfer normalized by the area of averaged miniature event.
Solutions and Drugs
Standard ACSF contained (in mM) 126 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 5 , 1 MgCl 2 , 2 CaCl 2 , 2.5 KCl, 10 glucose (pH 7.4, osmolarity 306 mOsm). All solutions were equilibrated with 95% O 2 /5% CO 2 at least 1 h before use.
Miniature EPSCs (mEPSCs) were recorded in the presence of the voltage-gated Na + -channel blocker tetrodotoxin (TTX, 1 μM), the GABA A -receptor (GABA A R) blocker gabazine (10 μM), and the GABA B -receptor (GABA B R) blocker CGP55845 (1 μM). Miniature inhibitory postsynaptic currents (mIPSCs) were recorded in the presence of TTX (1 μM), APV (40 μM), CNQX (10 μM) and CGP55845
, DL-2-Amino-5-phosphonopentanoic acid (APV), 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) and tetrodotoxin (TTX) were obtained from Biotrend (Cologne, Germany). All other chemicals were obtained from Sigma-Aldrich (Munich, Germany). All substances were added to the solutions shortly before the experiment. CNQX and CGP55845 were dissolved in dimethylsulfoxide (DMSO). The DMSO concentration of the final solution never exceeded 0.2%.
Data Evaluation and Statistics
GraphPad Prism (GraphPad Software, Inc.) was used for statistical analysis. Whiskers on box plot diagrams represent 10-90 percentile, dots represent outliers. Error levels on bar diagrams represent the standard error of mean (SEM) . Differences between groups were tested using unpaired Student's t-test for values demonstrated normal distribution and Mann-Whitneytest for values demonstrated non-normal distribution.
Distributions of experimental values were tested for normality using Kolmogorov-Smirnov test. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
Results

Nlgn4-KO Influences Spontaneous Neuronal Activity in the Barrel Cortex In Vivo
Recent studies performed in cortical and hippocampal slices demonstrated deficits in synaptic and neuronal activity in Nlgn4-KO mice (Hoon et al. 2011; Delattre et al. 2013; Hammer et al. 2015) . We tested whether genetic Nlgn4 ablation alters neocortical network activity in vivo. Spontaneous LFPs in the barrel cortex of anesthetized Nlgn4-KO and WT mice were recorded using an 8-shank 128 electrode array (Figs 1 and 2A) . Spectral analysis of spontaneous activity in L4 of the barrel cortex revealed a significantly higher power in the alpha frequency band in Nlgn4-KO mice as compared with WT controls (Nlgn-4 KO: 12.6 ± 1.1 × 10 6 μV 2 , n = 11 barrels, 5 mice and WT: 8.5 ± 0.8 × 10 6 , n = 7 barrels, 4 mice; P = 0.024, Mann-Whitney test, Fig. 2B ). In addition, an increase in the occurrence (Nlgn4-KO: 7.6 ± 1.1 min −1 , n = 11 barrels, 5 mice and WT: 3.8 ± 0.8 min
, n = 7 barrels, 4 mice; P = 0.023, Mann-Whitney test, left panel) and prolongation of spindle oscillations (Nlgn-4 KO: 0.72 ± 0.03 s, n = 11 barrels, 5 mice and WT: 0.56 ± 0.06 s, n = 7 barrels, 4 mice; P = 0.037, Mann-Whitney test, right panel) was observed in Nlgn4-KO mice (Fig. 2C) . Circular statistics revealed a significant level of MUA modulation in the alpha-range activity, both in Nlgn4-KO and WT mice (Rayleigh test, P < 0.001, Fig. 2D ). Although Nlgn4-KO animals demonstrated an increase in the alpha spectrum band activity, only a small change in the mean direction of the resultant vector was observed (Nlgn4-KO: 151.8°± 0.2°; WT: 153.1°± 0.3°, P = 0.006, Watson-Williams multisample test). The mean resultant vector length was not significantly different between Nlgn4-KO mice and WT littermates, while the ratio of MUA within alpha-spindle was substantially higher in Nlgn4-KOs as compared with WT mice (Fig. 2D,E) . In addition the laminar CSD pattern and amplitudes of alpha-spindles were similar in Nlgn4-KO and WT mice (see Supplementary Fig. 3 ), suggesting that the amount but not the general properties of alpha-range activity is modified by Nlgn4 loss. These data are in agreement with an increase in power of the alpha band in EEG recordings obtained from patients with ASD (Cornew et al. 2012) , further supporting the notion that the Nlgn4-KO mice represent an adequate model of human ASD. We next investigated whether genetic Nlgn4 deletion influences evoked sensory responses elicited by singlewhisker stimulation. In contrast to spontaneous network activity, no significant differences were observed in the properties of evoked LFPs recorded in Nlgn4-KO animals and WT littermates (Fig. 3A) . Also PPR at 3 different interstimulus intervals did not significantly differ between the 2 genotypes (Fig. 3B) . To assess were not significantly different between the 2 genotypes, however, significantly higher number of MUA spikes in alpha spindle normalized to the total MUA spike number was detected in Nlgn4-KO mice (right bar diagram, n = 7 barrels, 4 WT mice and n = 11 barrels, 5 Nlgn4-KO mice). Asterisks mark significant differences, *P < 0.05, **P < 0.01; and ns, not significant; Mann-Whitney test. Watson-Williams multisample test for circular data. the question whether excitation transfer and activity propagation is altered in the Nlgn4-KO barrel cortex we recorded VSDI transients (ΔF/F 0 ) evoked by single-whisker stimulation ( Fig. 4A1-2) . Similar to the evoked LFP responses neither amplitudes of VSDI transients nor the area of the response spread were significantly different between WT (n = 6 C2 barrels) and Nlgn4 deficient animals (n = 6 C2 barrels, P > 0.05, MannWhitney test) ( Fig. 4B1-2, Supplementary Fig. 4 ). These data indicate that Nlgn4 loss potentiates spontaneous neuronal activity in the somatosensory cortex, but does not affect whiskermediated sensory-evoked responses.
Disturbed Intracortical Information Processing in Nlgn4-KO Mice
Although no major changes in the whisker-mediated evoked activity were detected by VSDI, this method records the activity only in the superficial neocortical layers. Therefore, we next explored whether Nlgn4 loss influences information flow between barrel-related columns and within one column in the barrel cortex in vivo by analyzing MUA. The late component of evoked MUA occurring between 50 and 100 ms was significantly smaller in Nlgn4-KO animals compared with WT within L2-4 of the principal column and in L4 of the neighboring column (Fig. 5A) . These data were supported by the calculation of the late amplitudes of the current sinks in the CSD analyses (Fig. 5B) . Furthermore, to assess the contribution of excitatory and inhibitory neurons to the observed abnormal neuronal activity, we classified neurons as putative excitatory and inhibitory according to their mean spike waveform duration (Fig. 5C, Supplemental  Fig. 1C ). Both, excitatory and inhibitory neurons showed a significant decrease in the late MUA component of Nlgn4-KO compared with WT animals, indicating a major impact of Nlgn4 loss on both glutamatergic and GABAergic synapses in the somatosensory cortex.
Impaired GABAergic Transmission in the Nlgn4-Deficient Barrel Cortex
To assess the mechanisms underlying the changes of spontaneous activity observed in vivo, we performed whole-cell patch clamp recordings in acute brain slices. Since Nlgn4 loss was reported to affect inhibitory neurotransmission (Hoon et al. 2011; Hammer et al. 2015) , we first recorded mIPSCs in L4 spiny stellate neurons. No difference in the mean mIPSC amplitudes was observed (Nlgn4-KO: 34 ± 4 pA, n = 22 and WT: 40 ± 5 pA, n = 15; P = 0.35, Mann-Whitney test, Fig. 6A,B) , but mean mIPSC frequency was significantly lower in Nlgn4-KO compared with WT littermates (Nlgn4-KO: 1.2 ± 0.2 Hz, n = 22 and WT: 2.7 ± 0.5 Hz, n = 15; P = 0.0009, Mann-Whitney test, Fig. 6A,B) . In addition, Nlgn4 ablation led to larger mIPSC rise time (Nlgn4-KO: 1.63 ± 0.14 ms, n = 22 and WT: 1.04 ± 0.12 ms, n = 15; P = 0.0008, Mann-Whitney test) and decay time (Nlgn4-KO: 14.4 ± 0.9 ms, n = 22 and WT: 10.4 ± 0.9 ms, n = 15; P = 0.002, Mann-Whitney test) constants (Fig. 6B) .
Decreased mIPSC frequency could be a consequence of decreased presynaptic neurotransmitter release probability in GABAergic synapses. Therefore we tested whether Nlgn4-KO affects eIPSCs. Indeed, a reduction of eIPSC amplitudes was observed in Nlgn4-KO animals (Nlgn4-KO: 86 ± 7 pA, n = 20 and WT: 133 ± 25 pA, n = 9; P = 0.02, unpaired Student's t-test, Fig. 6C ). In order to further investigate the possibility that Nlgn4 loss results in a decrease of release probability, we applied pairedpulse stimulation at 3 different ISIs, namely 50, 100, and 200 ms (Fig. 6C) . The PPR at an ISI of 50 ms was significantly higher in Nlgn4-KO mice (Nlgn4-KO: 1.17 ± 0.14, n = 20 and WT: 0.76 ± 0.14, n = 9; P = 0.04, unpaired Student's t-test, Fig. 6C ). Thus both a decrease in mIPSC frequency and an increase in PPR demonstrate that presynaptic GABA release probability is reduced in Nlgn4-KO mice. NCAM, another neural cell adhesion molecule, has been reported to affect the number of presynaptic ready-for-release vesicles, the so-called readily releasable pool of vesicles (RRP) (Chan et al. 2005 ). Therefore we tested whether Nlgn4-KO influences the RRP in GABAergic synapses. Local pressure application of hyperosmotic (+500 mM sucrose) ACSF stimulated synaptic release of GABA, which was detected on the postsynaptic cell as a barrage of events. The number of released vesicles was significantly reduced in Nlgn4-KO animals (Nlgn4-KO: 1661 ± 285, n = 11 and WT: 4531 ± 457, n = 6; P = 0.0015, unpaired Student's t-test, Fig. 7A ). These data further support the notion that the observed decrease in mIPSC frequency in Nlgn4 KOs results from both, a reduction in RRP size and a decrease in release probability.
The observed decrease in RRP size may reflect not only a decrease in the number of readily releasable vesicles but also a decrease in the number of GABAergic synapses. To investigate whether Nlgn4-KO causes changes of synaptic protein levels in L4 neurons we performed immunostaining for gephyrin, a scaffold protein of inhibitory postsynapses (Fig. 7B) . The puncta number corresponding to gephyrin per 10 μm cell perimeter in the perisomatic region was not changed in KO animals as compared with WT littermates (Fig. 7B) . Thus genetic ablation of Nlgn4 results in a robust presynaptic weakening of GABAergic transmission, but does not affect the number of GABAergic synapses in L4, at least not in the perisomatic region. Similar to previous studies (Delattre et al. 2013; Hammer et al. 2015) , our data demonstrate that Nlgn4 acts at GABAergic synapses.
Impaired Glutamatergic Transmission in Nlgn4-Deficient Barrel Cortex
Changes in excitation/inhibition balance were previously reported in multiple mouse models of ASD (Tabuchi et al. 2007; Bateup et al. 2013; Vogt et al. 2015) . Therefore, we recorded miniature EPSCs (mEPSCs) to explore whether Nlgn4-KO also affects glutamatergic transmission in L4. Mean mEPSC amplitudes did not differ in Nlgn4-KO as compared with WT animals (Nlgn4-KO: 8.4 ± 0.7 pA, n = 15 and WT: 9.7 ± 1.3 pA; n = 13, P = 0.003, MannWhitney test, Fig. 8A ), while analysis of averaged mEPSC frequencies revealed a significant decrease in Nlgn4-KO animals (Nlgn4-KO: 0.6 ± 0.3 Hz, n = 15 and WT: 2.0 ± 0.6 Hz, n = 13; P = 0.003, Mann-Whitney test, Fig. 8A,B) . In contrast to mIPSCs, neither the rise time constant (Nlgn4-KO: 1.7 ± 0.2 ms, n = 15 and WT: 1.5 ± 0.2 ms, n = 13; P = 0.58, Mann-Whitney test) nor the decay time constant (Nlgn4-KO: 9 ± 1 ms, n = 15 and WT: 7 ± 1 ms, n = 13; P = 0.18, Mann-Whitney test) of mEPSCs differed significantly between Nlgn4-KO and WT littermates (Fig. 8B) .
Layer 4 spiny stellate neurons receive direct innervation from the ventrobasal thalamus (Agmon and Connors 1991; Schubert et al. 2003; Staiger et al. 2004) . To address the question as to whether Nlgn4 deletion affects thalamocortical excitatory inputs, we recorded eEPSC. Paired-pulse simulation at an ISI of 50 ms was performed in the VPM of the thalamus using bipolar and Nlgn4 deficient animals (filled bars, n = 6 mice of each genotype). ns, not significant, Mann-Whitney test.
tungsten electrode (Fig. 8C) . Surprisingly, even though a decrease in mEPSC frequency was observed in Nlgn4-KO mice, no significant change in the mean amplitudes of thalamocortical eEPSCs in Nlgn4-KO animals was detected (Nlgn4-KO: 13 ± 3 pA, n = 9 and WT: 13 ± 4 pA, n = 8; P = 0.85, unpaired Student's t-test). Similarly, no change was observed in the failure rate (part of trials in which the first stimulus did not elicit an eEPSC) of eEPSCs (Nlgn4-KO: 0.24 ± 0.05, n = 9 and WT: 0.21 ± 0.06, n = 8; P = 0.75, unpaired Student's t-test) and in PPR (Nlgn4-KO: 0.77 ± 0.13, n = 9 and WT: 0.61 ± 0.1, n = 8; P = 0.38, unpaired Student's t-test, Fig. 8C ).
Next, we estimated RRP at glutamatergic synapses applying hypertonic (+500 mM sucrose) ACSF. A significant decrease in the number of released vesicles was observed in Nlgn4-KO animals as compared with WT littermates (Nlgn4-KO: 1122 ± 127, n = 11 and WT: 2686 ± 323, n = 9; P = 0.006, unpaired Student's t-test, Fig. 9A) . Thus, the decrease in mEPSC frequency may be explained by a reduction in RRP size, indicating that excitatory transmission in L4 of the barrel cortex is reduced mostly presynaptically.
We also tested if Nlgn4-loss influences the number of excitatory synapses. We performed immunostaining for PSD-95, a marker of postsynaptic density of excitatory synapses (Fig. 9B) . The puncta number corresponding to PSD-95 per 10 μm cell perimeter in the perisomatic region was not different in Nlgn4-KO animals as compared with WT, indicating that Nlgn4 loss does not cause a loss of excitatory synapses in L4 of barrel cortex. We conclude that although Nlgn4-KO leads to RRP reduction in general, this change probably does not take place at thalamocortical synapses, preserving the strength of whiskermediated sensory inputs. Nlgn4-KO (grey) and WT (black) mice. Asterisks mark significant differences, *P < 0.05, **P < 0.01.
Discussion
Using multichannel LFP recordings in vivo and whole-cell patch clamp recordings in vitro, we investigated the consequences of autism associated Nlgn4 loss in the mouse barrel cortex. We report that genetic deletion of Nlgn4 results in (1) a potentiation in the alpha (8-13 Hz) band of the power spectrum of spontaneous network activity in vivo, (2) a decrease in mIPSC and mEPSC frequencies in L4 spiny stellate neurons, (3) a reduction in the number of readily releasable vesicles in both GABAergic and glutamatergic synapses, although the number of perisomatic synapses remains unchanged, (4) normal early evoked sensory responses in vivo and thalamocortical eEPSCs in vitro, and (5) suppressed late component of evoked MUA and CSD. Our data indicate that Nlgn4 loss predominantly impairs intracortical synaptic transmission, and hence information processing in the cortex, but does not affect incoming sensory information.
GABAergic Synaptic Transmission in Nlgn4-KO Animals
Emerging evidence indicates that deficiency of inhibitory neurotransmission is crucially involved in functional alterations causing ASD (Chao et al. 2010; Han et al. 2012; Tyzio et al. 2014 ), for review see (Coghlan et al. 2012) . Therefore, we studied the function of the inhibitory system at the single cell level in L4 of the barrel cortex. A recent study reported a~50% decrease of eIPSC amplitude in Nlgn4-KO mice (Delattre et al. 2013) . In the present study, the mean eIPSC amplitude was reduced in Nlgn4-KO to~65% of WT value, which is in line with the previous work. A reduction of evoked responses may arise from various alterations, including changes in quantal amplitude, number of functional synapses or presynaptic release probability. Our immunostaining data revealed no alterations in the number of GABAergic synapses, at least not in the perisomatic region of spiny stellate cells (Fig. 7B) . Furthermore, the mIPSC amplitude, that is, an IPSC elicited by release of a single GABA containing vesicle, was not influenced by the loss of Nlgn4. On the other hand, the mean mIPSC frequency was strongly reduced in Nlgn4-KO animals compared WT (to~45%, Fig. 6B ). This alteration most probably reflects a reduction of the presynaptic RRP, a decrease in GABA release probability, or both. Using a hypertonic solution to completely empty the RRP (Rosenmund and Stevens 1996) , we report that the RRP size in Nlgn4-KO mice amounts to only~35% of that in WT animals (Fig. 7A) . Thus the observed reduction in mIPSC frequency can be attributed to the RRP decrease in Nlgn4-KO mice as compared with WT. Paired-pulse stimulation is generally applied to estimate release probability. In agreement with a previous study (Delattre et al. 2013) , PPR was higher in Nlgn4-KO mice, indicating a decrease of presynaptic GABA release probability. PPR could be also influenced by the postsynaptic site, for instance via saturation and/or desensitization of postsynaptic receptors. However, mIPSC kinetics are significantly slower in Nlgn4-KO mice (Fig. 6B) . Therefore, if postsynaptic receptors influenced PPR, one would rather expect a decrease in PPR due to receptor unavailability. Thus, the observed increase in PPR indicates that GABAergic release probability is reduced in Nlgn4-KO animals. We conclude that Nlgn4 loss causes a strong weakening of GABAergic inhibition in the somatosensory Asterisks mark significant differences, **P < 0.01 and ns, not significant;
cortex. Most of the alterations caused by Nlgn4-KO originate presynaptically, but the prolongation of rise and decay time constants of mIPSCs indicate possible additional modifications of the postsynapse.
Interestingly, Nlgn4 deficiency in CA3 region of hippocampus results mainly in postsynaptic changes (Hammer et al. 2015) , while in the present study Nlgn4 loss affected predominantly presynaptic function. Although neuroligins are postsynaptic cell membrane molecules their interaction with presynaptic neurexin molecules is potentially capable to modulate presynaptic function (Sudhof 2008) . The trans-synaptic signaling pathway was previously described for PSD-95-Nlgn1-β-Neurexin complex (Futai et al. 2007 ). Deletion of α-neurexins results in a severe impairment of presynaptic Ca 2+ channels function and, hence, in impaired neurotransmitter release (Missler et al. 2003) . Moreover interaction of neurexins with synaptotagmin, a vesicular Ca 2+ binding protein (Hata et al. 1993 ), may modulate neurotransmitter release via targeting and docking of synaptic vesicles. Therefore, decrease in the RRP size and/or decrease in the release probability in both GABA-and glutamatergic system observed in the present study may result from trans-synaptic retrograde signaling alterations induced by Nlgn4 loss.
Glutamatergic Synaptic Transmission in Nlgn4-KO
Similar to the Nlgn4-KO-mediated effects on the GABAergic system, Nlgn4 ablation was reported to reduce eEPSCs. To investigate this issue in more detail, we inspected several parameters of the glutamatergic system. Loss of Nlgn4 did not affect the number of perisomatic synapses or the mean mEPSC amplitude. In contrast to our observations on the GABAergic system, Nlgn4-KO failed to change the kinetics of mEPSCs, indicating that Nlgn4-KO affects glutamatergic transmission mostly presynaptically. Both, mEPSC frequency and RRP size were reduced in Nlgn4-deficient animals compared with WT mice, to~40% and~30%, respectively. These results are in line with the reported decrease of eEPSC amplitude in Nlgn4-KO mice (Delattre et al. 2013) . However, using the advantage of the thalamocortical in vitro preparation, we selectively stimulated thalamocortical projections. Neither the mean eEPSC amplitude nor the failure rate or the PPR were affected by Nlgn4-KO. Our data point to a preferential impairment of intracortical information processing rather than afferent sensory inputs by Nlgn4 loss, suggesting that Nlg4 may be expressed not at all glutamatergic synapses.
Neuronal Activity in Nlgn4-Deficient Somatosensory Cortex In Vivo
In agreement with our in vitro data, loss of Nlgn4 failed to affect either amplitude or PPR of single-whisker stimulationinduced LFPs as well as amplitudes of evoked VSDI transients in the barrel cortex in vivo (Figs 3 and 4) . Thus, both in vitro and in vivo results indicate that neither the strength nor the short-term plasticity of whisker-mediated sensory inputs to the barrel cortex is affected by Nlgn4 loss. Interestingly, recent EEG data suggest that sensory inputs are not disturbed in ASD patients (Butler et al. 2017 ).
In contrast, intracortical spontaneous activity in vivo revealed an increase in the alpha frequency band in Nlgn4-deficient animals (Fig. 2) . In addition, a significantly higher occurrence rate and longer duration of alpha-spindle oscillations were observed in Nlgn4-KO mice. On the other hand Nlgn4-KO animals showed a similar profile of CSD and MUA within alpha-spindle oscillations. Hence, the deficits at glutamatergic and GABAergic synapses in Nlgn4-KO mice apparently enhance an amount but not basic characteristics of alpharhythm. Short-lasting alpha-spindles (200-400 ms) in EEG recordings are generally interpreted as a correlate of an inhibited network (Pfurtscheller 2003; Jokisch and Jensen 2007; Sonnleitner et al. 2012) . Indeed, in Nlg4-KO animals delayed MUA (50-100 ms after stimulus) is not only more strongly suppressed in the entire principal column, but also in the neighboring columns, suggesting that information processing is impaired in the Nlgn4-KO barrel cortex.
The lack of differences in the amplitude and shape of initial evoked component in vivo between Nlgn4-KO and WT animals is in line with the lack of alterations in thalamocortical eEPSCs. However, only about 15% of glutamatergic synapses in the L4 barrel cortex are formed by thalamic axons, while the other excitatory synapses represent intracortical connections (Benshalom and White 1986; Altmann et al. 1987; Feldmeyer et al. 1999) . Thus, the deficits in synaptic transmission (Figs 8 and 9A) can be sufficient to reduce the late component evoked by single-whisker stimulation, which most likely results from intracortical processing. The late response induced by single-whisker stimulation under urethane anesthesia may represent UP-state of K-complex Steriade 1998, 2002) . As UP-states are dependent on excitatory connections within L4 (Chauvette et al. 2010) , our data indicate that intrabarrel excitatory reciprocal connections are weakened in the Nlgn4 deficient animals. Although Nlgn4-KO reduces MUA in both, excitatory and inhibitory neurons, it is tempting to speculate that excitatory activity is more strongly reduced (Fig. 5C ), leading to a shift in excitation/inhibition (E/I) balance to inhibition.
Excitation/Inhibition Balance in the Nlgn4-KO Mouse Model of ASD A reduction of the E/I ratio, defined as the ratio of mean amplitude of eEPSCs to mean amplitude of eIPSCs, has been previously reported in Nlgn4-deficient somatosensory cortex (Delattre et al. 2013) . A stronger weakening of glutamatergic transmission and/ or weaker reduction of GABAergic transmission may underlie this observation. Our data show that genetic Nlgn4 ablation leads to a reduction in mIPSC frequency to~45% (Fig. 6) , whereas mEPSC frequency was decreased to~30% (Fig. 8) , indicating a stronger suppression of the glutamatergic system in Nlgn4-deficient animals. Consequently the E/I ratio, defined as the ratio of mEPSC frequency to mIPSC frequency, was reduced from 0.75 in WT animals to~0.5 in Nlgn4-KO mice.
A disturbed E/I balance is generally believed to contribute to many neurological and neuropsychiatric disorders. Interestingly, ASD is accompanied with epilepsy, a disorder occurring as a result of over-excitation, in up to 30% of the patients (Bolton et al. 2001; Amiet et al. 2008; Lai et al. 2014) , suggesting that in ASD the E/I balance is shifted to excitation. Several studies confirmed an increased E/I ratio in animal models of ASD (Rubenstein and Merzenich 2003; Gogolla et al. 2009; Tang et al. 2014 ), but both in Delattre et al. (Delattre et al. 2013) and in this work a decrease of the E/I ratio has been observed. We suggest that the Nlgn4-KO-mediated decrease in E/I ratio can synchronize neuronal activity in the somatosensory cortex in a relatively "relaxed" alpha-rhythmus, causing an attention deficit. Indeed, alpha activity in EEG recordings is suggested to reflect an inhibition during information processing in the cerebral cortex (Ray and Cole 1985; Pfurtscheller 2001 Pfurtscheller , 2003 . As a consequence, incoming sensory information, despite its insensitivity to Nlgn4 ablation, cannot be correctly processed within intracortical networks and resulting in restricted interests or behavioral deficits typical for ASD.
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